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SUMMARY

A short and simple method is presented for the determination of
transient skin temperature of conical bodies for short-time, hi@-speed
flight● A dlfferential equation is established for this purpose,
giving the fundamental relations between the transient ekin temperature“
and the flight history. For the heat-transfer coefficient and
boundary-layer temperature, which me needed.in the differential
equation, Eber’s experimmtal results for conical bodies under super-
sonic conditions are adapted and summerized in a convenient way. The
mthod Is applied first for flight at constant altitude to illustrate
the effect of acceleration on transient skin tmnperature. It is then
applied to arbitrary flight. Several.examples are given; for one
example measured data are available and are in good agreemmt with the
calculations.

INTRODUCTION

When air flows over a body the air immediately adJacent to the
body is brought to rest by skin friction. As a result the afr is
heated to a higher temperature and hence there is heat exchange between
the air and the skin. This phenomwum is generally ter~d as
“aerodynamic heating.”

At high speed the temperature increase of the air is very large
and the aerodynamic heating problem becomes of great concern to
designers. Ths problem is related to the characteristics of the
boundary layer and the local heat-transfer coefficient. In reference Z
Wood gave a method for the determination of the skin temperature at
supersonic speed, using formulas”for heat-transfer coefficient and
bounda?y-layer temperature, derived for flat plates at subsonic speed.
In reference 2 Scherrer made a mre theoretical approach for the
determination of skin temperature of a body of revolution at supersonic
flight● Both papers, however, dealt with equilibrium skin temperature
for steady flight conditions at constant alti~ude.
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In several German papers (reference 3, for instance) It was shown
that,for a short-ti= flight during which the speed end altitude vary
with tins, the transient skin temperature may be considerably lower
than the equilibrium skin temperature. In the present report,
therefore, emphasis is given to the transient skin temperature, rather
then the equallibrlum skin temperature. A differential.equatfon is
presented for this purpose, and for the heat-trsnsfer coefficlent end
boundsry-layer temperature needed in the differential equation, Eber$s
experimental results (reference l+)for conical bodies under supersonic
conditions ere sdapted and summarized in a convenient Form for
imuediata application. If, however, better experimental data become
available, they can be adapted readily to the present method.

To show the effect of acceleration on skin te~erature the
simplqr problem of flight at constant altitude is treated first.
More general flights are then discussed with several e&mples. In
one emle, data obtained from the Naval Research Laboratory,
Washington, D.C., giving skin te~ratures for V2 missile nmnber 21
fired on March 7, 1947 at White Sands, N. Mex., in connection with
upper atmosphere reseerch (reference 5), are used for comparison with
the calculated results.

SYMBOIS

#

.

., .-. ._

—

.

a acceleration, ft/sec2

c recovery factor

CP specific heat of

Ca specific heat of

f functiOn Of Tsk

8 acceleration due

.-

air at constant pressure, Btu/lb~F .
.- .

skin material, Btu/lb/%

and implicit~yof t (see equation (16))

to gravity, taken as 32.2ft/sec2

h heat-transfer coefficient, Btu/(sec)(sq ft)(%)

hl reference heabtransfer coefficient corresponding
= x/6(or 300), Z . 1 ft ~ E = sea level,

&l/fsec)(sq ft)(w)

k thermal conductivity of air, Btu/(sec)(ft)(OF)

z characteristic length, ft

t time, aec

.

● “

.
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ta
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Q1

Q2

R

Tl

Ta

Te

T1

‘BL

‘sk

‘ST

VI

w

$

e

time when certain velocity is reached by uniformly
accelerated body starting from rest, sec

correction factor for

correction factor for
equation (14))

correction factor for

nose angle (see equation (14))

characteristic length (see

altitude (see equation (14))

heat absorption capacity of skin, Btu/sq ft/%?

altitude, ft

mechanical equivalent of beat, taken as 778 ft-lbfitu

heat flowing into skin due to skin friction, Btu/sec/sq ft

heat lost through radiation, Btu/sec/sq ft

Reynolds number

free-stream temperatuzw of air, % abs.

skin temperature at tim ta, OF abs.

equilibrium skin temperature, OF abs.

initiel temperature, OF abs.

boundary-layer temperature, ‘F abs.

skin temperature, % abs.

stagnation temperature, OF abs.

velocity of flight, ft~sec

specific weight of’skin material, lb/cu ft .

total.apex angle of conical nose, radians

emissivity, asswmd to be O.4 in numerical examples
of this report (6 = 1 for perfect black body)
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P~ free-stream density of air, lb/cu ft

‘SL
free-streen density of air at sea level, taken

0.07657lb/cu f%

IJ coefficient of viscosity of air, lb/sec/ft

T skin ‘Mslmess, ft

ANALYSIS

Fundamental Equations

RM No. L7K17a

as

The skin tsmperatur? of a body can be determined from a considera-
tion of the amun5 pf heat flowing into the slctnsad that lost by the
skin. The balance of the two is the heat absorbed or given up by the
skin from which the change in skin temperature can be calculated.

Heat flowing into skin.- For heat flowing in’~ the skin during a
short-the, high-speed flight, the mat important factor to be con-
sidered is ‘~ 1’aerodynamic heating.“ lhrperi~ntal results indicate
that the heat flowing into the skin due to skin friction Q1 Can- be

.—

determlne~ from the following emptrical formula:
,

Q1 = ‘(TBL - ‘Sk) Btu/aec/sq ft (1)
.-

where the boundary-layer temperature ‘BL and the heat-transfer

coefficient> h have been studied experimentally by E’ber(reference 4)
and will be discussed later.

Heat received by the skin ?rom other sources, like solar
radiation, radiatIon from surrounding a’imcmphere,heat from interior
or other parts of the body, and so forth$ are not consl~ered in this
report.

Heat l>sz~ the skln.-— ... The heat 10SZ Uy the s+kincan be (1) hea~
loss through radla~~~) heat loss through artific~al cooling,
(3) h=% 10SS to In’arior or oiher parts o: the body. _~e heat I.SSS
through radiatim ~ can be determine from the,Stef~Boltzmenn

formula:

~=JL.8x10-13~T 4 Btu/sec~sq ftsk (2) “

.

where the value OS the emissivlty
of Chg skin. Fcm a perfect black

e depends on the surface condition
body, 6s1.
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The heat loss other than radiation to the exterior will not be
considered In this report.

Heat balsnce equation.- Equation (1) gives the rate of heat flow
into the skin and equation (2) gives the rate of heat loss by the skin.
The difference of the two (Ql - ~) is the heat left b heat the

skin, Btu/sq ft/sec. During an interval dt, the total heat to be
absorbed by the skin is therefore

(QI-Q2).t Btu/sq ft

If the temperature rise of the skin during this interval dt is dT~k,

the heat absorbed by the skin can also be expressed by

G dTsk Btu/sq ft

where G, the heat absorption capacity of the skin, Btu/sq ft/OF,
is the product of the specific ~at Of the skin ~terf~ C8, ~

specific weight of the skin material W, emi the skin thiclmess 7 .
From data in references 6 and 7, representative values of G for
steel and alloys of aluminum and magnesium at 520° F sre obtained
and plotted against skin thickness in figure 1. At higher temperature
the values of G are increased at the rate of O.256Ttper 200° F
for steel and O .0624TC per 100° F for aluminum where Tt is the
skin thiclmess in inches. For magnesium slloy the temperature effeet
can be neglected.

Equating the preceding two expressions for the heat absor%ed by
the skin end substituting Q1 and ~ from equations (1) and (2)

gives

dTsk
-% Tsk4G~+hTsk+ 4.8x 10 = hTB~

whlch is the basic equation for transient skin temperature.

(3)

The sinmlified emaation.- Equation (3) is a nonlinear clifferential
equation with vsriable coefficients. A simplified equation can be
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obtained if the radiation loss cem
equation is

As willbe shown la~r (example 3)

be neglected..

‘sk = %L

the radtation

l?ACARM No. LK17a

The simplified

(4)

loss ordinarily
contributes only a small portion to the transient skin temperature
for short-time, high-speed flight. For such flights the use of
equation (4) will not introduce any appreciable error$ while a
great deal of tim and labor can be saved in the computation work.

Equilibrium temperature.- If a body flies with a constant speed
at a constant altitude for a sufficiently long ti=, the skin Is
heated to a temperature such that the heat flowing into the skin
per second IS for practical purposes the sage as the heat lost, -
the skin temperature becomes constant. * skin temperature then is
called the equilibrium temperature Te, corresponding to that speed

and altitude.

from equation

Thus,

The equilibrium temperature Te can be de~m~d

dT8k
(3) by dropping out the ffrst term sinoe ~ = O.

~ ~ ~ #36T 4 +
● e

If the radiation loss oan be neglected,

hTe = h~L (5)

theequilibrium skin tentpera-

.

ture will be the sam as the boundary-layer temperature.

In equations (3),(4),and(5)thetwoP’mtirs h ad ~L
are needed before the equations CSA be solved. In the following,
Eber$s emperinwntal data on these two pa-ters will_be discussed
ends ummarized.

l?!ber~sExperimental Results

In 1941 Eber (reference 4) made a series of wind-tunnel tests on
cones of various vertex angles to determine the boundary-layer
temperature TBL and heat-tmnsfer coefficient h at ktgh speeds.

The results he obtained are adapted in this report for the determina-
tion of skin temperature for conical bodies in flight. These results
will be discussed in the folloiringand will be summarized in a
convenient form with certain simplifications. .—
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.

Boundary-layer temperature, ~L .–Whm the air stream is brought

to rest isentropically,the temperature of the air is called stagnation
temperature. When the air is brought to rest by skin friction,the
process is usually not isentropic and the temperature of the air is
lower than the stagnation tenprature. In the latter case, if there
is no heat flow across the skin, the temperature of the air

,

insuediatslyadjacent to the skin is called the boundary-lsyer
k@eratur8 ~L end is found to be closely related to the stagnation

temperature. In the actuel case where there is heat exchange between
the air end the ski% the boundary-layer temperature ~L is only an

artificial term used in the empirical equation (1) end may not
necessaxil.ybe realized at any point in the actual boundary layer.

The stagnation temperature ‘ST can be calculated theoretically

from the following statement of BernoulM 1s equation:

~TST

where ‘1 and T1 sxe the velocity

(6)Jgcp dT = O

and the temperature of the free

air stream. Values of T1 at vsrious altitudes are given in

reference 8 emi are replotted in figure 2 of this paper.

For constant value of Cp, equation (6) becoms

‘ST
1 vf-

-T1 =-—
2 Jgcp (7)

For the actual case, however,
CP

varies with temperature. It has

been pointed out by Wood (reference 1) that at high velocity a
correction for v=iable Cp WI11 lower the stagnation temperature

considerably (about 20 percent lower at Mach number 8). An exact
solution of Bernoulli:s equation for variable CP will give a set

of stagnation temperature curves for various altitudes end Mach
numbers. In this report, however, it is chosen to plot the stagnation
temperature rise (TST - Tl) against free-stresm velocity VI,

instead of the stagnation temperature against Mach number. The
result is a single curve for all altitudes. This curve, for which
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the derivation is given in appendix A, is plotted in figure 3, together
with the stagnation temperature rise for Cp = 0.24 Btu/lb/OF. For

low Bpeeds, no correction for variable Cp ie nece08sry.

The boundary-layer temperature ’13L is related to the stagnation

temperature by en e~irical factor c, called recovery factor. The
reoovery factor c is defined as

?BL - ‘1
C=TST-T1

Eber?s experimmtal results show that c varies with the total
vertex engl.e b of the cone but is practitally independent of
velocfty. The variation of c wfth B is not very large. For P
rsnglng from 20° to 50°, sn average value c = 0:89 can be used
with a maxtnuunerror of about 2 percent. Therefore,

(% -%)= O.@(TST- Tl)

(8)

(9)

Since the stagnation temperature rise (% T- Tl) can be
taken as a funotion of V1 only (fig. 3),thebourAary-laye~temperature .

rise cen also be taken as a function of V1; that is, a shgle curve

for all altitudes. This curve Is shown in ffgure 4. For
= 0.24 Btu/lb/%,

.

CP the boundary-1.aye~tenqmraturerise can be given

by the followfng expression:

(lo)

Heat-transfer coefficient, h.- The heat-transfer coefficient h
can be determined from Eberts empirical fornmla which is taken from
reference 4:

h = (0.0071 + 0.0154@)~R)O “8

where the Re olds nuniber R,

T

as defined by Eber, is equal
to (Pl~lZ/v ● Equation (11) cen be rewritten as

(11)

.

.
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(J ~o.8(J ] (~)
h = (0.0071 + 0.0154~) ~ p1)0*8 ~ V ‘*8

In the derivation of equation (11), Eber used the boundary-layer
temperature as the reference temperature for values of k end W,
the thermal cohductivlty and coefficient of viscosity of air,
respectively. For the characteristic length 2, Eber used the
entire length of the surface of the cone. Although there are
different opinions re~ing what is the correct length to be used
as character stic length, when l%er~s experimental results sre applied
to actual fli@t conditions (for instance, in reference 3 Kraus and
Hermsnn used half the total lengbh of the cone surface as charac-
teristic length) Eberss original definition will be followed in this
paper. The value of h thus obtained repz%sents en average vslue,
instead of local value, of the heat-transfer coefficient.

A simplified methbd for the evaluation of the factor (k,p&8) is
now given. For a given velocity and altitude, the boundary-layer
temperature can be determined from figures 2 snd 4, and values of k
and v correspondingto this temperature can be obtained from
reference 9 for temperatures below 2400° F absolue. This was done for
various velocities at three differen altitudes (sea level, 100,000 ft
and 190,000 ft) and the ratio k/~O”& was calculated end plotted
against velocity in figure ~. For boundary-layer temperature higher
than 2400° F absolute the curw is shown dotted and is obtained
by extrapolation.

In figure 5 the two curves corresponding to O ,000 feet
allend 190,000 feet form two limiting values of k/w “ . For any other

altitudes from sea level to 370,000 feet,.approxi~tely, values

of k/p0.8 against velocity will fall within these two limiting
curves. Since both limiting curves do not differ very much from
the sea-level curve, it is @stif ied to use the sea-level curve for
all altitudes up to 370,000 feet. Therefore, k/pO’8 is a function
of mlocity only.

Illconnection with this simplification, it should be kept in
mind that values of k and M at high temperature are obtained by
extrapolation and any effects of chsnge of air composition at high
altitudes on k and w are not considered.

Equation (12) is now reduced to four factors which are functions
of p, z, altitude and velocity, respectively. For convenience of
computation, a reference heat-transfer coefficient ht,

to p = ~ (or 300),

corresponding

2 = 1 foot, end at sea level, is computed from

equation (~) and the restits are plottti in figure 6. ~s reference
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heat-transfer coefficient ht is a function of velocity only. For
other nose angles, characteristic lengths and altitudes, the heat-
transfer coefficient h is simply the reference heat-transfer
coefficient ht multiplied by the three correction factors F~~ FZS
and FE. Thus,

Whers

h =FPFZFEhO (13)

.

Fp =
0.0071+o.o1541/7r

0.0071+ o.os54~
1

.

1’
%=75Z

t

(14)

values of F8, Fz, and FE

of (p.,~L~, where

are given in figures 7, 8, and 9. Values

*L is the free-stream air density at sea level,

were taken from the HACA standazd a-sphere table (referencelO) for
altitudes below 69,000feet and from tables V(a) end V(b) of

.

reference 8 for altitudes above 65,000feet.

Application of Eber*s results.- In the foregoing, lher~s
experimental results on TBL and h are represented by simple curves

as functions of velocity and altttude. For any prescribed.fllght path
where the velocity and.altitude are given as functions of’time, values
of EL and h can be expressed as functions of tinm~ Table 1 is

prepared for this purpose and the operations in table 1 are self-
—.

explanatory. &owing ~L and h as functions of time, one can
.—

solve equatfon (3) or (4) for the transient skin teqerature, and
equation (5) for the equilibrium skin temperature.

Certain facts should be borne in mind, however, in the application
of Eber8s work, particularly to high-al.titudeflight conditions. First,
Eber$s experimmtal results were obtained over a limited range of

Reynol.ds’nuziber,2 X 105 to 2 X 106; for flight conditions where the
.

.
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actual Reynolds number falls outside of
the case for flight at hi~ altitudes),
Second, Eberts experiments were carried
high altitudes where the air density is

11

this range (which 1s usually
extrapolation is necessary.
out at low altitudes. At
very low, tbf3flight may

enter into the slip-flow domain where the recovery factor, end
possibly the heat-transfer coefficient, mey be greatly affected.
(For illustrations, calculations were made to determine the Mach
numbers and Reynolds nunibersfrom the flight trajectory of the
V2 misslle used in example 1 of thls report. The results of these
calculations are indicated.by points in figure 10, where the curve
dividing the two domains is taken from reference 1.1. For this
particular example the flight enters the slip-flow domain as soon
as en altitude of approximately 130,000 feet is reached.) Third;
in the evaluation of k and W, the effects of change of aiT
composition at high altitudes are neglected and values of k and v
at temperature greater then 2400° F absolute are obtained by
extrapolation. Finally, the properties of the atmsphere at high
altitudes are taken from the tentative tables of reference s. With
all these uncertainties the application of Eberts results to high
altitudes may Introduce a lemge percentage error. However, since
ths hea~tiansfer coefficient at high altitude.is small, the effect
on skin temperature is not large.

solutions of Equations

Solution of equation (3).- Equation (3) is a nonlineer equation
with variable coefficients, of the first order but the fourth
degree. If equation (3) is written in the foJ&wing form

where

f = *BL - &8k - 4“8 ‘:o-13’T8k4

(15)

(16)

it is readily recognizable that equation (15) cen be solved con- ●

veniently by Runge and Kuttats numerical mthod (reference 12) which
1s summerized in appendix B. In table 2 Runge and Kutta~s nthod is
srmnged in a suitable way for the solution of equation (15). A
convenient ti- interval At is first chosen. The smaller At is,
the more accurate the results will be. The operation of this table
starts on the first line, proceeding from left to right, end then
the succeeding lines. The function f, corres~nding tO t ~ T8k

at its left, can “:beobtelned from equation (16). The final results

.
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of table 2 give
If the table is
3At,..., and so
is not small, a

NACA RM No. L7K17a ,, _

the skin temperature at the end of the interval At.
.

repeated, the skin temperature at the imd of 2At,
forth, can be obtained. If the time fnterval chosen
correction can be made as explained in appendix B,

.
—

where an illustrative example is also given.

Solution of equation (4).- Equation (4) is a linear differential
equation of the first order provided the heat absorption capacity G ___ ._
is considered to be independent of skin temperature. ~ general
solution is

._ —

where D, the constant of integration, can be determined from the
initial condition

T =T
sk i att=O

The pemumters h and TBL in equation (17) usually cannot be

expressed In simple analytical terms. Therefore, equation (17)has
to be integrated numerically. Table 3 iIJprovided for th,ispurpose.
The time and labor required for carrying out the computations in
table 3 aremuch less than those required for table 2.

Solution of equation (5).- Equatlon (5) is a simple quartic
algebraic equation. By use of Eber:s experimental resuits on h

* ‘BLs equatia (7) cen be solved for the equilibrium

temperature Te for any altitude and velocity combinetien. For

illustrative purposes, the variation of equilibrium tenprature
with velocity for several altitudes is shown In f@re 1.1. The
value of G used is 0.4.

RESULTS AND DISCUSSION

The mthod for the calculation of transient skin temperature,
as discussed in the preceding sections,is applied first to flight
at constant altitude to iuustrate the influence of acceleration on
skin temperature, and then to arbitrary flight conditions.

.

.—
-.

.—
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Flight at Constant Altitmde

13

For illustration of the
equation (4) will le used to
following e~le.

Assure a body, starting
to 5000 feet per second. It

effect of acceleration, the simplified
detezmine the skin temperature for the

~om rest, is accelerated unifornily
then maintains this speed until the

equilihrium temperature is reached. Subsequently, the body decelerates
uniformly to zero velocity again. How does the skin temperature change
with time during these three periods of flight? The body has a COniCal
nose angle of 30°, a conical surface length of 1 foot, a skin beak
absorption capacity G = 0.6, and is traveling at a constant altitude
of 50,000 feet.

Period of uniform acceleration.- The velocity of the %ody at any
ins@nt during this period is given by the following equation

where a = acceleration, feet per second2. The initial oondition
is T~k=Tl at t=o.

Since the velocity is given as function of time, TBL and h

can be determined fmm table 1 and the skin temperature from table 3,
all ae functions of time. The results exe given in figure 12 for
five different values of acceleration: a = 2gs %, 10& %J

and w ( for infinite acceleration the temperature-ti- curve is but
a single point). The dotted curve in figure 12 gives ths ekin tentpera-
ture Ta at the tixm ta when the body reaches ~ feet -r second.

The larger the acceleration is, the lower the skin temperature wild.be.

h figure 13, the skin temperatures for a = 2g and log are
plotted against Vl, together tith the curve showing the variation

of equilibrium temperature with velocity. Since radiation loss is
neglected in this caee, the equilibrium temperature ie the eam as the
boundsry-layer temperature. The temperature difference between the
“traneient” end the “equilibria” curves is the “temperature I.a.g,”
which is greater for larger accelerations, as shown in figure 13.

Period of constant velocity.– If the body mafntains ite speed
at 300 feet per second after it reaches this velocity, h/G
and TBL are no longer functions of tlm, and the solution of

equation (17) becomee
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(m)

where D, the constant of integration, is determined from the
condition

.

Tek = Ta when t = ta

Here Ta, the skin temperature at tim when tQe body first reached

the velocity of 5000’feet per second is different fo-rdiffe~qt
accelerations.

Equation (18) is solved for the five different accelerations
a= 2g, Pg, log, Peg, and m. Results are plotted in figure 14.
(The temperature curves before the body reaches 5000 ft/seo are taken
from fig. 12.) The skin temperature approaches exponentially the
equilibrium temperature Te, in this caf3eequal to ~L corresponding

to 50~ feet per second at the altitude of 50,000 feet. —

Period of uniform deceleration.- If
5000 feet per qecond for a long time, it
velocity at any instant is

where t “startBwhen the
condition is

Table 1 and table 3 again

given by

V1 =yloo+

bodybegine to

can be used to

aflxm the body maintains
starts to decelerate, the

at

decelerate. The initial

t =0

solve equation (17) and the
results are plotted a&inst velocity in fi~”e 15 for two different.- .——
decelerations a = 4g, –log. Again the eqti,libriumtgncperature
curve Ie also given. The trensient skin temperature in the case of ““
deceleration is higher than the equilibrium temperature throughout
the velocity range. The temperature lag,iq therefore on the adverse

—

side.

General Flight Conditions

In the general case, the body is changing its altitude as well
as its velocity. Three examples ere given in the following. In all

.

ca8es, the simplified equation (4) is used for the calculation of
—.
-.
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transient skin temperatures. In exemple (3) the nnre accurate mthod
is slso used end the relative importance of radiation loss is
discussed.

Example 1.- The V2 missile number 21 fired on March 7, 1947 at
white sands, N. Mex., had a conical vertex angle of 26°,a conical
surface length of approximately 7 feet and a skin of O.10g-inch steel
after a certain distance from the nose. The above specifications
and the flight path of V2 as shown in figure 16 were obtained from the
Naval Research Laboratory, Washington, D.C. The boundery-layer
temperature and the heat-transfer coefficient are determined by
means of table 1 end sre plotted against tim in figure 17. The
skin absorption capacity G is obtained from figure 1 to be o.k76
corresponding to 520° F absolute, which is conservative. The initial
skin temperature is known to be 546° 3’absolute. Table 3 is used
to determine the skin tempera-s and the results are plotted
against tinw in figure 18.

In figure 18 the Masured skin temperature for the steel skin
of the sam missile is slso shown. The measured data are obtained
from the Naval Research Laboratory. The agreement betieen the
calculated and measured results is good.

Exemple 2.- An erbitrary velocity and altitude diagrem is
assumed, as shown in figure 19,including descending path as well as
ascending. The missile is aesumd to have a nose angle of 30°,a
characteristic length of 4 feet, and a skin heat-absorption capacity
of 0.6 Btu/sq ft/OF. The bounder~layer temperature ‘BL and heat-

tramsfer coefficient h are determined by use of table 1 and are
plotted against time in figure 20. Table 3 is then used to calculati
the skin temperatures. The results are plotted in figure 21. The
skin temperature during descent becomes higher and higher because of
the greater density at the lower altitudes snd the higher velocity
as it COIMS down.

Exelup10 3.- To determine the relative imprtance of the
radiation loss, the calculation of skin temperature for the missile
in example 2 for the first 80 seconds is repeated except now the
more accurate method is used where the radiation loss is not
neglected (the OIUiSSiVity 6 is assured to be 0.4). Table 2 is
used for this purpse and the results are plotted in figure 22
together with the results obtained from example 2 whsre the radiation
loss is neglected. The discrepancy between the twd 1s very small,
approximately 3° F.

Ih fact, for most missiles the radiation loss plays only a s=ll
part in the determination of skin temperature and the simplified
nmthod can be used to great advantage in saving time end labor.
Unfortunately, there is no simple criterion to predict when the
radiation loss can be neglected. (lenerallyspeaking, if the slsln
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heatcapacity IS not too small, say
slclntemperature is not expected to
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ft/%, the
F absolute

and if tie radiatfon loss is not the domiiiatingfactor for a long
period of tim, the radiation loss can be neglected. If the fi=l
skin temperature is completely unknown, it is advantageous to start
with the simplified method. From the maximum skin temperature obtained,
an esti~te of the radiation loss and its effect on the skin temperature
can be quickly made. For instance, ths maximum skin temperature of the
missile of example 2 is about 615° F absolute. Coneervattvely assume ‘
this is the skin temperature for the entire period of 80 seconds.
Ths change of skin temperature due ta radiation loss during this
period is then

( )1 4.8 x 10-13 x 0.4 x 6154 x 80
‘cm

= 3.70 F

Which is negligible. A similar calculation for example 1 indicates
that for the first 65 seoonds of flight the radiation loss affects
the maximum skin temperature approximately 6° F.

For flight conditions where the radiation loss is the dondnating
factor for a long period, as from &It@ second to 220th second in
example 2, the radiatfon loss should be Investigated. During this
period, h is zero and eqpation (3) beooms

~ + 4.8 X 10-1$ Tsk4 = O
ULI

The general solution is

( )’136: + D
–1/3

TOk = 14.4 x 10

.
-

(19)

where D, the constant of integration, can be determined from the
condition
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.

where ()‘sk ~ is the skin

.“

.

()‘sk ~ when t=&l

temperature at the ~th second. At eti

of 220th second the slctntemperature can be osculated fkom
equation (19)endis found to be lowe~d only 6° F.

CONCLUDII’CREMARKS

1. A differential equation taking into account aerodynamic
heating end body radiation is established for lib calculation of
transient skin temperature for any prescribe& flight history. Runge
and Kuttats numerical method is recomnded for the solution of the
differential equation.

2. A sfmplified differential.equation which ne&ects body
radiation is also given, snd can be used in meny cases to great
advantage in saving both tim and labor.

3.Eber$s experimmtal results on the boundary-layer temperature
and heat-trensfer coefficient, to be used in the differential equation,
are sumarized in a convenient way for Lmmwiiate application. Tables
and cherts are also pmwided to facilitate the solution of the
differential equation.

4. The calculated skin temperature for aV2 mtssile is in good
agreement with the masured data.

5. Theheat+bsorption capacity of the sldn has an irqortant
influence on transient skin temperature. The heat-absorption capacity
is greater and consequently the temperature lag is larger if (a) the
skin is thicker, (b) the matarial is denser, or (c) the specific heat
is higher.

6.When the air is heating the skin the temperature lag due to
the heat capacity of the skin is in the favorable direction; that is,
tends to lower the skin temperature. When the air is cooling the
sldn,the temperature iag is in the sdverse direction; that is, tends
to keep the skin at high temperature.

7. Eber~s e~rirmntal work was conducted under certain lifited
conditions (short testing time, small temperature differences limlted
Reynolds number, end so forth). Mare refined experimental values for
a whier range exe desirable.
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8. Because the atmospheric pzmpertiea at extreumly high altt.tudes
as given in reference 8 are tentative, and aho because at high
altitudes the flight actually enters tho nslAp-flow” domain, a closer
investigation of the problem at high altitudes is needed.

9. For more accurate results, invmtigations of heat exchanges
other than those considered in this paper are necessary.

Langley Memorial hronautical Laboratory
National Advisory Connittee for Aeronautics

~ey FieM, Va.

.
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.
STAGNATION l?EMl?ERATURERISE FORVARIABLE Cp

= the following, a single curve for all altitudes is obtained
for the calculation of stagnation temperature rise at various
velocities VI when the specific heat Cp is considered to be a

function of temperature. The Bermulll equation can be written as

Integrate equation
and state 2, where

V dT

(Al) between
the velooity

Do

+ Jgop d’1= O (Al)

state 1, the free-stream condition,
is zero.

~ TST

or

%2 J‘ST
—=Jg
2 % ‘T

T1

(A2)

Values of the
table 1. reference
of T1 ‘and TST,

curves can thus be

inte~al in equation
9 (see d.so page 58,
and the velocity VI

obtained.

(&?) Can be obtained fr03Jl

reference 9) for given values
can be compute~. A set of

However, if it is chosen to plot
(
TsT - Tl) against V1

with T1 as psxamter, the set of curv& will practically fall into

one single curve for all values of T1 ranging from 392° F abaolute

to 630° F absolute, corresponding to the minimum end maximm free-
stream temperature for altitudes from sea level to about 370,000feet.
In figure 23 -twocurves ere ehown, representing the two extreme
conditions. It is justified, therefore~ to use a single curve for
the calculation of st~tlon temperature rise.
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The boundary-hyer-tempsratum rise (TBL -
.

Tl) can be obtained :, . ‘-

‘oymultiplying the stagnation temperature rise by t,h._reco-fery
The result will.be a single WZTVB simi&qr-to vim cume or ~,

J-
“::;:mr c.

.~—

AMgnation temperature rfse buL with all tlie:ordi~te~-decreaised by -.

~;heratio c. Fi~ ~ shows the curve .of.b@ndary-l@r-tempe rature ~– ----:~
~iee at VEMOUFJ Speede V1, corres~ndlng,@ c = O.@.

.. .
—

.
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AFPEEO~ B

RUl?GEMD KUT’lA% METEOD OF NUMRRICAL IHTEXWTION

Runge end Kutta*s Mthod of ~rical integration can be
to differ&ntial equations of the folloting type,‘provided that
initial condition-fs -.

& =f(%Y)

The initial condition is

21

applied
the

(Bl)

(B2)

The derivation of Rungs and Kutta~s method can be found in
reference 12. The following table is provided for the calculation.

xl=~+Ax Yl=Yo+q

For convenience of application to the present problem, Runge
and Kutta~s ~thod is arranged in the form of table 2 of this paper.
A suttable interval At should be chosen. Starting fram the pair
of initial values to and To, one can obtatn the values t~ ~ Tt

at the end of the interval At, by carrying out the operations in
table 2. The operations proceed from left to right of’the first line
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and then the succeeding lines. The’function

to t and T to its left on the same line,

NACA RM Ho. L7K17a ,,

f (t#Tsk)~ corresponding

can be obtained from
equation (16). If the pair of values t? ad T* .- used as
initial values and the table repeated, another pair of””values t“
and T“ can be obtained, corresponding to the skfn temperature at
the end of 2At. Table 2 csn be repeatedly used in this manner
until the desired values of T are obtained.

For illustration, table 2 will be used to calculate the skin
temperature of the missile in example 2. Assume the skin temperature
at the end of 20th eecond is known to be 519°F absolute, end the
skin temperature at end of 24th second is to be detezmdned.
Choose At = 2 seconds.

t T6k h ‘BL G f fx At Operation

20 519 0.0103 544 0.6 0.403 ql=0.8M %-k)= 1*618
21 519.4 .0106 568 .6 .834 q2=l.668 qa%j = 3.324

21 519.8 .0106 568 .6 .828 q3=l.656 SUM = 4.942

22 520.7 .0107 590 .6 1.217 ~d? .43o q = 1.644

‘z 520.6 .0107 590
)

.6 1.217 111=2J$34 ; &’24 = 3.299
23 521.8 .0108 619 .6 1.728 q2=3.456 = 6.886q@’13
23 522.3 .0108619 .6 1.715 q3=3.430 SU = 10.I.85

24 524.0 .0109 640 .6 2.082 q4=4.164 q= 3*395

24 524.0

Therefore, the skin temperature at the end of 24th second is
524° F absolute. Notice that a constant value of G is used in the
above computation. For a more accurate analysis the value of G
should be based on T~k given.

To improve the result, the following nwthod, as given byRunge
and Kutta, can be used for corrections. Instead of At = 2 seconds,

.—

,

.—

—

.

‘

table 3 iS repeated with At = 4 secomts.

-—

--

.
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t ‘sk h TBL G f fx At Operatton

20 519 0.0103 544 0.6 0.403 ql=l.6u +[ql+Q)= 4.976 ,

22 s9.8 .0107 590 .6 1.230 q2=4.920 = 9.704~2+q3

24 521.6 .0107 590 .6 1.196 q3=4.784 SW = 14.6&)

24 523.8 .Ol@ 640 .6 2.085 qb=8.340 q = 4.893 ‘

24 523.9

The correction 18 then given by

~ = *524 - 523.9) = 0.007

and the corrected akin temperature at the end-of 24th second is

Tak = 524 + 5 = 524.007

Runge and Kuttats mthod can also be ap@ied to simultaneous
equations of the type (B1 ) or to d~fforential equations of higher
omier. For details, see referenoe 12.



.

2i NAM RM NO. Lm7a,

REFERENCES

1. Wood, George P.: Cslculatim of Surface Temperatures in Steady
Swperscmic Flight. NACA TN No. 1114, 1946.

2. Scherrer, Richsrd: The Ii?fectsof Aerodynamic HeatingsndH eat
Tremsfer on the Surface Temperattie of a Body of Revolution in
SteadySupersonic Flight. NACATNNo. 1300,1947.

3. bus, W., smd Hermann, B.: Discussion der bei sohriigem
senkrechtem Sohuss des A 4, sawie hei der Q-eiterbahn
A 4 b auftretendenWerte der Grenzsohioht-t~eratur,

und
des

W&meiibergangszahl und Hauttemperatur. ITTAArchiv Nr. 167,
Wasserbau-Versuchsanstal.t(Miinchen),Feb. 25, 1945. (Available
as AM? T7xmslation No. F@=O~, Air Materiel Ccmmand, Wright
Field, Dayton, Ohio, June 10, 1946.)

4. Eber, G. R.: lhcperimentel.l.eUntersuchungder Br,~temperatur und
des W&rmeubergemges an einfaohen KI@pern,bei ~erschallgesch-
windigkeit. Archiv Nr. 66/57, Peenemiunde,Nov. 21, 1941.

5. Newell, H. E., Jr., and S:ry, J. W., eds.: Uwer A~os@ere Rese~ch~
Repoti NotiIII. Rep. No. R-3120, Naval ResesrohkboratorY, 1947.

6. H&@an, Charles D., and Lange, Norbeti A-, eds~: ~dbook of
chemistry end l?hysicrs.Sixbeenth cd., Chemical Rubber
~blishing Co., 193.

7. Anon.: Designing With -esium. American mesi~ Co~O
(Cleveland, Ohio), 1945.

8. Wez’field,Calvin N.: Tentative Tables for the Properties of the
Upper Atmosphere. HAcATNl?o. 1200, 1947.

9. Keenan, Joseph H., and Kaye, Joseph: Therm@namlc fioperties of
Air. John Wiley and Sons, Inc., 1945.

10. Diehl, Walter S.: Standard A_sphere -Tables -d ~ta-
NACA Rep. No. 218, 1925. (Reprint 1940.)

H. Tsien, Hsue-Shen: Superaerodynamics,Mechanics of R~efied ~ses~
Jour. Aero. Soi.,”vol. 13, no. 12, Dec. lg46, pp. 65H64.

12. Ince, E. L.: Ordinary Differential Eqwtims. Dover nblfcations
(NSW York), 1944.

—

.



NA~A RM No. L7K17a 25

.

.

.

.

.

.

@

H,ft

Giveo

@

h’
Fg,7

%

@

F~
@./9

@9=’

I d



Job/e 2
tw
03

AhneTicof sok.dim of more

temp?rdtfflf?

oc.tufde 7k2n5femf

equa}im

line in+erval

-skin

At=



NACA RM N’o. L71C17a

.

. Table
Numerical sohdhn

n i 2 3 4 etc.
+

!/1

.

—

II u I I I 1.
I f?)

II I I I I

.



28 IVACA RM No. L8K17a
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